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A B S T R A C T The response of chick intestine to vitamin D and its metabolites was studied in an organ culture preparation of chick ileum explants. (1) (2) (3) (4) (5) (6) , the mobilization of phosphate from bone (7) and from possibly other tissue stores (8) , and enhances the reabsorption of phosphate by the renal tubule (8) (9) (10) (11) . Synthesis of the active metabolite of vitamin D, 1,25-dihydroxycholecalciferol [1, 2D3i1 is under the direct control of the plasma phosphate concentration (12, 13) . Thus, a feedback control mechanism exists for the regulation of plasma phosphate levels by vitamin D. From these observations it is apparent that vitamin D is an important determinant of phosphate balance by influencing phosphate transport at multiple tissue sites.
Another aspect of vitamin D action is the maintenance of normal growth. Growth retardation, characteristic of vitamin D deficiency, has been attributed to the deficiency of bone mineral. Indeed, the restoration ofblood Ca and phosphorus levels through appropriate dietary supplements significantly reverses this growth retardation but never to the same extent as that achieved by the repletion of the rachitic animal with vitamin D (14) . The identification in essentially all tissues of a cytoplasmic protein which specifically binds 25-hydroxycholecalciferol (25-OHD3) with high affinity (15, 16) suggests that vitamin D may influence cellular metabolism at a nonspecific or basic level which could result in increased tissue growth. In fact, 25 -OHD3 has been shown to act directly on skeletal muscle in vitro to accelerate the accumulation of phos-phate and to subsequently stimulate the rate of protein synthesis (17) . A direct influence of vitamin D on intestinal mucosal cell proliferation has also been suggested by the acceleration of DNA synthesis in intestinal epithelium which precedes significant alterations in systemic calcium and phosphorus concentrations (18) .
It was the purpose of these investigations to examine the influence of vitamin D on mucosal cell proliferation and to examine the role of phosphate in the expression of the intestinal response to the vitamin. To this end, an organ culture preparation of vitamin Ddeficient chick ileum was developed which permitted control of the extracellular ionic environment. These investigations suggest that the response of the intestinal mucosa to 1,25-(OH)2D3 and 25-OHD3 is dependent upon the restoration of intracellular phosphate concentrations resulting from the direct action of these sterols on the mucosal cell phosphate transport. (19) . The product was extracted and purified by silicic acid and Sephadex LH-20 chromatography. Phosphate salts were added to the incubation medium from a neutral stock solution to give the appropriate phosphate concentration. To achieve phosphate concentrations of less than 0.05 mM in the medium, serum dialyzed against phosphate-free buffer was used. Data from a single experiment represent the averages of six dishes of 36 explants per group. In a single experiment, four to six groups could be conveniently studied. Since the explants were derived from a single pool for a given experiment, statistical significance was determined from a t test of paired data analysis.
Tracer accumulation studies. (23) . Total RNA was measured by ultraviolet absorption at 260 and 232 ,um (24) .
The rate of 45Ca uptake was measured by immersing the filter with explants into a 40-mM Hepes (Sigma Chemical Co., St. Louis, Mo.) buffer at pH 7.4 containing 2 ,uCi/dl of 45Ca (New England Nuclear) for a 4-min period. The incubation was terminated by removing the explants on their filter from the labeled buffer, then washing over a vacuum with ice-cold buffered saline, pH 6.5, containing 15 mM CaCl2. The washed explants were then transferred promptly to 0.5 N KOH solubilizing solution. The rate of accumulation of [32P]phosphate (New England Nuclear) was studied over a 16-min incubation in medium containing uCi [32P]sodium phosphate/dl. The incubation was terminated by washing the explants on their filter with ice-cold 10 mM phosphate-buffered saline over vacuum. The explants were promptly quick frozen in dry ice in preparation for their subsequent processing for determination of total and free inorganic phosphate content as described by Lippman and Tuttle (25) and modified by Short et al. (26) . Radioactivity of 45Ca and 32p, measured by liquid scintillation spectrometry, are expressed per milligram of protein (27) .
Metabolic inhibition studies. Cycloheximide (Sigma Chemical Co.) at a concentration of 50 ,ug/ml was added with 1,25-OH)2D3 and was present for the duration of the incubation with the sterol. Actinomycin D (Calbiochem, San Diego, Calif.) was added to the cultures 20 min before the addition of the sterol at concentrations of 0.5 and 5.0 ,ug/ml. lodoacetamide, dinitrophenol, and ouabain (Sigma Chemical Co.) were selected as inhibitors of energy-dependent transport. After the appropriate period of incubation, the explants were transferred to either fresh medium or medium containing the inhibitor for an 8-min period before the transfer of the explants to medium containing either 45Ca or [32P]phosphate, with or without the inhibitor.
RESULTS
Explants of vitamin D-deficient rachitic chick ileum were maintained in organ culture to study the response of this tissue to vitamin D and its metabolites under controlled environmental conditions. One parameter of the tissue response to the vitamin measured was the rate of [3H]thymidine incorporation into DNA. In control explants linear rates of [3H ]thymidine incorporation into DNA were observed up to 12 h after an initial 90-min period of equilibration ( Fig. 1) . Since the non- linear characteristics of the rate of [3H]thymidine incorporation into DNA may represent saturation of an intracellular thymidine pool, the influence of vitamin D metabolites on [3H]thymidine incorporation into DNA was studied after 90 min of preincubation with the label and linearity of incorporation of the label was achieved. In so doing, changes in the rate of transport of exogenous thymidine induced by the vitamins would be minimized. Under these conditions both 1,25-(OH)2D3 at 50 pg/ml and 25-OHD3 at 20 ng/ml stimulate the rate of incorporation of [3H]thymidine into DNA of explants from rachitic chicks (Fig. 2 ). This increase in rate of incorporation is characterized by an initial delay of 1.5 h and a maximum response at 3 h (Fig. 1) .
Two other parameters of the explant response to the calciferols measured were the rate of 45Ca and [32P]_ phosphate accumulation by the intestinal explants (Fig.  2) . The rate of 45Ca uptake was measured after a 4-min exposure to the isotope since this duration of incubation was demonstrated previously to best reflect the rate of Ca transport across the brush border (28 (Fig. 4) . A low affinity transport mechanism (Km = 0.125 mM) appears to respond to 1,25-(OH)2D3 with an increase in V7ax of the transport process whereas the sterol does not appear to alter the Vmax of the high affinity (Km = 0.0047 mM) transport mechanism. The role of transcription and translation in mediating the mucosal response to 1,25-(OH)2D3 was examined by observing the influence of actinomycin and cycloheximide on the explant response to 1,25-(OH)2D3. The explants were preincubated for 20 min in the presence of5.0 Ag/ml ofactinomycin D before the addition of the sterol. The explants were then incubated for an additional 3 h in the presence of 1,25-(OH)2D3 and actinomycin D before determining the rate of 45Ca uptake. At an actinomycin D concentration of0.5 ,ug/ml,
[3H]uridine incorporation into RNA was 18% of the control rate of incorporation for the last 2 h of the incubation. Actinomycin D did not block the vitamin-induced increase in the rate of 45Ca uptake by the explants (Table II) . To the contrary, actinomycin D stimu- tion into DNA (Fig. 5) . Thus the initial action ofthe vitamin is the stimulation of the rate of intracellular phosphorus accumulation. To test the hypothesis that the increased rate of 45Ca uptake and DNA synthesis are secondary to an increased intracellular inorganic phosphate concentration, the influence of extracellular phosphate concentration on these parameters and the mucosal response to 1,25-(OH)2D3 was studied. Increasing medium phosphate concentration from 0.5 to 3.0 mM for the 4.5-h duration of incubation increased [3H]thymidine incorporation into DNA (Table IV) . Preincubation of the rachitic chick ileum explants in 3.0 mM phosphate for 3.0 h increased the initial rate of 45Ca uptake from 0.5 mM phosphate buffer compared to 45Ca uptake by explants preincubated at 0.5 mM phosphate for 3.0 h (Fig. 6) . The increase in [3H]-thymidine incorporation into DNA and 45Ca uptake achieved by equilibrating the explants in 3.0 mM phosphate medium was equivalent to that observed in explants incubated with (Table V) .
The influence ofphosphate on mucosal-serosal transport of Ca was measured in everted gut sacs obtained from rats maintained for 4 wk on a 0.1% phosphorus, The explants were incubated for a total duration of 3.0 h under the conditions as noted. The initial rate of 45Ca uptake was measured after the transfer of the explants to medium with or without iodoacetamide (0.05 mM) and expressed as the mean percentage change from the control incubation. Statistical significance was determined from a t test of paired data analysis.
phate and vitamin D to animals of the fourth group markedly enhanced the transport of Ca over that observed with the administration of vitamin D to animals on the phosphate-deficient diets.
DISCUSSION
Previous studies have demonstrated that vitamin D stimulates the proliferation of the intestinal mucosal epithelium (18, 30) . Although an increase in cell number was not evident until 24 h after vitamin D administration, an increase in [3H ]thymidine incorporation into intestinal mucosal DNA was observed at 4 h preceding The serosal:mucosal 45Ca concentration ratio (S/M) was measured in everted intestinal sacs from rats maintained for 4 wk on a 0.1% phosphorus, 1.5% Ca, vitamin D-free diet. 4 days before sacrifice the animals were parathyroidectomized. 2 days before sacrifice the animals were divided into four dietary groups: (a) 0.1% P and 1.0% Ca (-P-D), (b) 0.4% P and 3. (33) (34) (35) . Contamination of25-OHD3 with the biologically active isomer, 5,6-trans-25-hydroxycholecalciferol, is possible. However the potency of this sterol is comparable to that of 25-OHD3 and therefore could not account for the observed response (36, 37) . The presence in intestinal mucosa, as well as in essentially all other tissues, of a cytoplasmic protein witi high affinity and specificity for 16) is additional evidence that this sterol may play a significant role in normal cell metabolism.
Earlier studies in rats (28) and confirmed in chick explants suggest that the initial rate of 45Ca entry into the mucosa reflects the energy-dependent transport of Ca across the brush border into a readily saturable pool consistent with the cell cytosol Ca pool. The accumulation of phosphate has not been as extensively characterized-Saturation of an initial pool of [32PJphosphate does not appear to occur until [8] [9] [10] [11] [12] [13] [14] [15] [16] min. Distribution of tracer in cell water suggests an inorganic phosphate concentration comparable to that postulated for the cytoplasmic phosphate pool (31) . The ability of metabolic inhibitors to block accumulation of intracellular phosphate suggests that the transport process is not only against a concentration gradient but does require metabolic energy. The increased rate of inorganic phosphate accumulation induced by the vitamin D sterols is associated with a parallel increase in organic phosphate. This response is consistent with a primary action of the sterols on phosphate entry into the cell as opposed to increased utilization and further suggests that, in rachitic explants, phosphate entry may be rate limiting in a variety ofprocesses resulting in organification of phosphate.
The mechanism of 1,25-(OH)2D3 and 25-OHD3 action on phosphate entry across the brush border remains uncertain. It should be noted (Fig. 3) In studying the time course of the explant response to the vitamin D sterols, it is apparent that the earliest response is the stimulation of [32P]phosphate accumulation which precedes the stimulation of 45Ca uptake by 30 min and the increase in [3H]thymidine incorporation into DNA by 150 min. This observation raised the possiblity that the latter two events were either dependent upon or secondary to a primary action of the vitamins on phosphate transport and presumably the restoration of intracellular phosphate pools. To test this hypothesis, an effort was made to increase intracellular phosphate concentrations in the absence of vitamin D sterols by passive diffusion. Accordingly extracellular phosphate concentration was increased to 3.0 mM. Both 45Ca uptake and DNA synthesis were enhanced under these conditions. The increase in 45Ca uptake resulting from the high extracellular phosphate concentration was inhibited by iodoacetamide, similar to the iodoacetamide inhibition of the 1,25-(OH)2D3-dependent increase in 45Ca uptake. The failure of other investigators (40) to demonstrate inhibition of 1,25-(OH)2D3-stimulated 45Ca uptake by iodoacetamide may be due to the fact that iodoacetamide at concentrations greater than 0.05 mM increases the basal rate of 45Ca uptake. Reduction of the extracellular phosphate concentration to 0.05 mM resulted in a significant blunting of the intestinal response to 1,25-(OH)2D3 (Fig. 6 ). These observations suggest that intracellular phosphate concentration is an important determinant of the metabolically dependent transport ofCa across the brush border of the intestinal epithelial cell. These data extend earlier investigations concerning the facilitation by phosphate of calcium uptake in kidney cells (41) and calcium translocation in rat intestine (42) . The failure of other investigators to observe a dependence of calcium translocation upon phosphate in vitamin D-deficient tissue may be attributed to the failure to alter intracellular phosphate concentrations as a result of short durations of incubation and low medium phosphate concentrations (43, 44) .
The role of phosphate in mucosal-serosal transport of calcium was examined in the rat everted duodenal sac. The serum phosphorus of the phosphorusdepleted animal was raised abruptly over a 2-day period by the addition of phosphate or the treatment of the animal with oral vitamin D, or both. More prolonged phosphate feeding was avoided so that the adaptive increase in calcium absorption attributed to phosphorus depletion would not be altered. All 
